Nonsense mutations-amber (UAG), ochre (UAA), or opal (UGA)-are found in nine cistrons of bacteriophage 4X174 (1, 9) . Translation of a cistron containing one of these altered codons under nonpermissive conditions causes premature termination of a 4X174-specific protein (3, 6, 7, 11) . The size of the protein fragment generated should depend on the location of the mutation relative to the N-terminal coding end of the cistron. Thus, by assuming a direction of transcription and translation, the genetic map of 4X174 (1) may be used to predict the effect of a nonsense mutation in a given cistron on the size of the polypeptide chain specified by that cistron. Furthermore, since the genome of 4X174 is transcribed from the complementary strand (8) as a polycistronic message (9) , strong polar mutations may exist at the initiator (N-terminal) end of some cistrons (19) .
Sodium dodecyl sulfate (SDS) polyacrylamide gel electrophoresis was employed to separate 4X174-specific proteins and polypeptide fragments on the basis of size (14) . The gel patterns obtained after infection with several 4X174 nonsense mutants in a single cistron were then compared with the map order of these mutations established by three-factor genetic crosses. In this way, the direction of translation of each of several cistrons has been established independently. Furthermore, several strong polar mutations were found that eliminate two or more 4X174-specific proteins from the gel patterns. Using this information, it is found that all 4X174 cistrons examined are translated in the same direction. This direction is identical to that previously established for the related bacteriophage S13 by the Tessman group (15, 17) .
Distances on the genetic map (i.e., recombination frequencies obtained in two-factor genetic crosses) were compared with the physical size (molecular weight) of each full or partial cistron product. The genetic and physical maps are colinear over the entire genome. In addition, genetic and physical distances are reasonably proportional except in the high recombination region of cistron A. This proportionality implies that physical distances (for example, 4X174 RF deoxyribonucleic acid [DNA] contour lengths measured in the electron microscope) may subsequently be used to define the relative location on the genetic map of structural features such as the q5X174 cistron E deletion (A. J. Zuccarelli, R. M. Benbow, and R. L. Sinsheimer, Proc. Nat. Acad. Sci. U.S.A., in press).
MATERIALS AND METIHODS Bacteriophage stocks. Bacteriophage 4X174 nonsense mutants, growth procedures, and methods for three-factor genetic crosses were described previously (1) . Escherichia coli C and HF4701 (7) are nonpermissive strains for all nonsense mutants used in this study.
Media. TPG (10) consisted of NaCl, 0.05 g; KC1, 8 .0 g; NH4C1, 1.1 g; MgCl2, 0.2 g; tris(hydroxymethyl)aminomethane (Tris), 12 .1 g; KH2PO4, 0.023 g; sodium pyruvate, 0.8 g; and 0.16 M Na2SO4, 1 ml. Distilled water was added to make 1 liter, and 1.0 ml of sterile 1 M CaCl2 and 10 ml 20% glucose were added after autoclaving.
Lysis buffer (7) contained sucrose, 120 g; Tris, 6 g (adjust to pH 8.0 in small volume of distilled water); SDS, 10 g; 2-mercaptoethanol, 10 g; sodium azide, 0.65 g. Distilled water was added to buffer to make 1 liter. This solution should not be autoclaved.
Five percent sucrose contained sucrose, 50 g; NaCl, 29.2 g; Tris, 6.0 g; and EDTA (disodium dihydrogen 99 ethylenediaminetetraacetate dihydrate), 1 Preparation of 14C-labeled pX174-specific proteins for autoradiography. This procedure is described in detail by Godson (7) . We thank G. N. Godson for instruction in his laboratories at the Yale University School of Medicine. E. coli HF4701 was grown in TPG at 37 C with aeration to 2.5 X 108 cells/ml. Thirty milliliters were removed to a 100-mm circular plastic petri dish and ultraviolet (UV)-irradiated for 5 min at 19 ergs per mm2 per sec. The irradiated cells were aerated for 10 min and then 2.5-ml samples were added to growth tubes containing 3 ,iCi of '4C-leucine and 6.3 X 109 phage (MOI = 10). After 35 min at 37 C with aeration, the infected cells were pelleted (6, taining 0.14 g per 100 ml of solution was added to catalyze polymerization. Polyacrylamide gel electrophoresis. Gels were prerun in gel buffer (0.375 M Tris, pH 8.9, 0.1c% SDS) for 45 min at 4 ma/gel. The gel buffer was removed from the electrophoresis apparatus and replaced with running buffer. Running buffer contained 1 g of SDS, 2.88 g of glycine, 0.6 g of Tris (pH 8.3) per liter. The denatured proteins (plus bromphenol blue dye marker) were layered onto the top of the gel. Electrophoresis was begun at 2 ma/gel for 20 min to "stack," and then the current was increased to 4 ma/gel for about 2.5 hr.
Measurement of radioactive OX174-specific proteins.
Frozen double-label gels were usually sectioned by using a device having a series of razor blades at 1-mm intervals. As this work was being completed, we were introduced to the Mickel Gel Slicer (Brinkman Instruments, Westbury, N. Y.). This instrument unquestionably produces more uniform, reproducible slices. Slices were extracted in 5 ml of scintillation fluid for 12 hr and then counted in a Beckman liquid scintillation counter. Scintillation fluid contains 90 ml of NCS solubilizer, 10 ml of water, 42 ml of Liquifluor, and 858 ml of toluene per liter of solution.
OX-specific A14C counts were calculated from the '4C,/3H ratios as described by Mayol Mayol and Sinsheimer (11) .
Ten regions were arbitrarily chosen to simplify our calculations of in vivo protein synthesis (Table 1) . Cistron assignments were made on the basis of data given below and from results in previously published work (3, 6, 7, 11 (ii) Molecular weights of 4X174-specific proteins. Two procedures were used to estimate the molecular weight of 4X174 proteins and polypeptide fragments: comparison in the same gel with unlabeled proteins of known molecular weight identified by staining, and comparison in the same gel with 'H-labeled ribonuclease monomers, dimers, trimers, and tetramers. A composite calibration curve for 15 % gels is shown in Fig. 2 . The molecular weights ( mapping between cistrons E and F, is described below. On the basis of complementation tests, Tessman (15) suggested previously that translation proceeds from cistron G to cistron H for the closely related bacteriophage S13. In Fig. 3 we have redrawn the 4X174 genetic map of nonsense mutations (1) as a hypothetical polycistronic message translated in the suggested direction and including the data of Tables 2 and 3 . This is a reasonable assumption since Hayashi (8, 9) and Sedat (13) report that OX174 messenger ribonucleic acid (mRNA) is transcribed entirely from the complementary strand of replicative form DNA as one (or more) polycistronic message (messages). From this figure we may predict the effect of each nonsense mutation on the protein specified by the cistron containing it.
Major proteins. Mutants op6 (F), am9 (G), am42 (D), and several others are expected to eliminate the protein specified by their cistron. am27 (E), am88 (F), and amNI (H) are expected to make fragments of altered mobility. am32 (G), (Fig. 4) . All other 45X174-specific proteins appear to be present, and no fragments are detected. However, amlO (or am42, amH81)-infected cells make less of the proteins coded for by cistrons E, J?, F, G, and H than do wt-infected cells. This was determined by a ratio experiment in which 3H-labeled lysates from wt-infected cells were mixed with 14C-labeled lysates from amlO (D) mutant-infected cells (data not shown).
We interpret these results to mean that cistron D is the structural gene for the RF15% = 0.73 protein, that our nonsense mutations lie near the N-terminal coding end of this cistron (i.e., no detected fragments), and that these nonsense mutations are weakly polar for distal cistrons translated in order D-E-F-G-H. The small genetic size of cistron D and the low molecular weight of this protein (14,500) are consistent with this evaluation.
After elimination of the cistron D protein, a small but distinct peak with RF15% = 0.75 (we refer to the 0.74 peak in Fig. 4 as the RF15% = 0.75 peak to correspond with the average value given in Table 1 ) can be observed (Fig. 4) . Fig. 5a for reference; 20% gels were used instead of 15% gels becase they allow greater separation of small-molecular-weight fragments. Both the am3 and am27 fragments are present in substantial quantity, suggesting that the cistron E product is made early and in large molar amounts. (Fig. 6b) Fig. 6c (compare Fig. lb (ii) Nonpermissive cells infected with am6 (J?) do not produce infective intracellular particles. Instead, they accumulate defective particles which were examined on 15 %, gels (Fig. 7b) . For com- parison, am27 (E) virions (Fig. 7a) 
(D)-am27 (E)-am3 (E)-am6 (J?)-op6 (F) (unpublished data)
. Perhaps the simplest solution is that am6 lies at the N-terminal end of a new cistron J, which codes for the smallest structural component of the virion, and that this cistron product must be present in large amounts to interact with the cistron E protein for normal lysis to occur.
(vii) Cistron F. Cistron F codes for the 4X174 capsid protein (4, 11) of 50,000 molecular weight (3, 6) . Nonsense mutations in this cistron have been mapped at loci covering over 20%o of the 4X174 genome. Our predictions regarding the effect of the position of a nonsense mutation relative to the N-terminal coding end of the cistron are strikingly supported: am87 (F), near the distal end of the cistron, codes for a capsid fragment of about 43,000 molecular weight (Fig.  8a) . op6 (F) (Fig. 8b) , at the proximal end of the cistron, eliminates the capsid protein from extracts of lysates of infected cells and, in addition, strongly diminishes the amount of G and H proteins made (see below). During op6 (F) infection the proteins specified by cistrons D, E, and J(?) are made in somewhat greater than normal amounts as determined by a ratio experiment. These data are consistent with the interpretation that op6 (F) is a strong polar mutation in a polycistronic message that starts with cistron D and contains D, E, J(?), F, G, and H. Cistrons A, B, and C might either be on the same mRNA with a separate initiator site or on a different mRNA entirely. Complementation tests (Table 5 ) support these conclusions in that op6 (F) does not complement cistron F mutants, complements poorly with cistron G and H mutants, yet complements reasonably well with cistron B mutants.
Several controls were done to insure that the op6 (F) mutation is not unique for unrelated reasons. A second opal mutant, op9 (F), was isolated near to the op6 (F) locus. Extracts of lysates of cells infected with op9 (F) show a similar gel pattern (not shown) to that of op6 (F). op9 (F), however, has different plaque morphology and is resolvable from op6 (F) by two-factor genetic crosses. These opal mutants are definitely single-base transition mutants as shown by reversion frequencies (to wt) of approximately 10-6. Extracts of lysates of cells infected with opal mutants in other cistrons show less drastically altered gel patterns. I. Tessman has pointed out that we are unable to exclude rigorously the possibility that op6 (F) lies not in cistron F, but in a special initiator region for cistrons F, G, and H. He also reports the existence of a similar op mutation in (or near) S13 cistron F (personal communication). We believe that the simplest interpretation is that these opal mutants are strong polar mutations near the N-terminal coding end of cistron F.
The direction of translation from cistron D through E, F, G, and H is supported by the size 106 J. VIROL. of fragments generated by a linear series of nonsense mutations within cistron F (11) . To Fig. 9 shifts to smaller molecular weight (47,000) are evident in the mobility of am89 (F) and am88 (F) capsid fragments relative to wt capsids. am87 (F) and amH57 (F) show similar shifts to 43,000 and 40,500 molecular weight, respectively. The size of each capsid fragment is proportional to the distance of the mutation from the N-terminal coding end of cistron F. These shifts in mobility independently support the direction of translation D-E-F-G-H-A-B-C.
(viii) Cistron G. An extract of a lysate of am9 (G)-infected cells is shown in Fig. 10 . The gel pattern is missing a peak with RF15% = 0.63 and has a strongly diminished peak of RF15% = 0.50. A similar effect was seen by Gelfand and Hayashi (6) (4) . Therefore, the ts79 (G) mutation is in the RF,5% = 0.63 protein.
Complementation tests (Table 5 ) also support the conclusion that am9 (G) is a strong polar mutation since am9 (G) complements poorly with cistron H mutants, whereas ts mutants in cistron G show adequate complementation with cistron H mutants (9, 15) .
As shown in Fig. 10 , two additional OX174-specific proteins are visible when the RF,5% = 0.63 protein is eliminated. The RFi5% = 0.68 protein typically is visible in autoradiographs (see to 2% of the total counts are seen in the small spike regiont (see Table 4 ). (c) A 15c%o polyacrylamide SDS gel electrophoresis pattern of the ratio of '4C-labeled wt:3H-labeled am6 (J?) or 14C-labeled wt:3H-labeled am3 (E) virions run in the same gel. Purification by CsCl baniding was omitted to minimize selective degradation. and is diminished by the am27 (E) mutation. The RF,5% = 0.59 protein is visible only when the RF,5% = 0.63 protein is absent. We believe the RF15% = 0.59 protein is a minor component of the OX174 virion (Fig. 7b) and is coded by cistron B (see below).
(ix) Cistron H. Several independent nonsense mutations in cistron H are resolved by genetic recombination ( Table 2 ). Autoradiographs of lysates of UV-irradiated cells infected with am8O (H), am9O (H), am23 (H), opl 1 (H), or am NI (H) (Fig. 11 ) lack the RF15% = 0.50 band (7).
Fragments of roughly 25,000 molecular weight (7) are visible after longer exposure times (not shown); the differences in molecular weight among these fragments are too small to order the fragments by size. However, the location of the cistron H mutations on the genetic map predicts a series of fragments in this molecular weight range if cistron H is translated in the direction
Minor proteins. None of the remaining four (or five) OXI74-specific proteins-which are made in relatively small molar amounts-can be firmly assigned to cistrons. (x) Cistron A. We confirm the report of Godson (7) that mutants in cistron A eliminate the RFl5% = 0.22 protein. However, we also observe the disappearance of the RF15% = 0.75 protein (Fig. 12) . In view of the high molecular weight of the RF15% = 0.22 protein, we prefer to assign cistron A as the structural gene for the RF15% = 0.75 protein.
Regardless by their position on the genetic map. In addition, am35 (A) and aml8 (A) fail to complement well with cistron B mutants (10) although little decrease in the RF,5% = 0.82 and RF,5% = 0.59 proteins is detected.
(xi) Cistron B. None of our mutations in cistron B eliminate any major proteins from 15% gel patterns. We assign the RF15% = 0.59 (molecular weight = 25,000) protein to cistron B for the following reasons: (i) aml6 (B) eliminates the RF20% = 0.52 protein in 20%7O gels when examined by a double-label procedure (Fig. 13) . This protein corresponds to the RF15% = 0.59 protein (which typically is obscured on 15% gels, but see Fig. 10 clearly seen on 12%,c0 gels (data not shown).
(xii) Cistron C (and I?). Extracts of lysates of och6 (C)-infected cells are missing the RF20% = 0.40 peak on 20% gels (Fig. 14) . This probably corresponds to the RF15% = 0.52 protein of 34,000 molecular weight. In addition, the RF15% = 0.84 protein is diminished on 15%c gels (not shown). A new fragment is observed of RF20% = 0.80 (-6,000 molecular weight) which is consistent with the proposed map position of och6 (C). This confirms the earlier report of a cistron C fragment by Tessman for the related bacteriophage S13 (Virology, 1971, in press). We are unable to establish whether cistron C is the structural gene for the RFL5% = 0.52 or 0.84 proteins. Cistron I presumably codes for the other of these two proteins. Cistron C protein is required only in very small amounts (5), consistent with the idea that it is nearly the last protein translated. recently by experiments using mutants in cistron F similar to those described above (17) . In this paper we establish that bacteriophage 4X174 is Since OX174 mRNA is transcribed entirely from the complementary strand (less than 1 part in 106 4X174 mRNA hybridizes to the OX174 viral strand [13] ), we assume one direction of translation is valid for all 4X174 cistrons. Our data do not allow us to choose between one or more polycistronic messages. However, the gel patterns from the op6 (F) mutant and the molar ratios calculated above suggest the primary initiation site for translation is at or near cistron D, and that cistrons A, B, and C have a separate (or at least independent) initiation site from the D-E-F-G-H operon.
DISCUSSION
Cistrons of like function such as the major virus coat cistrons appear to be clustered on the genome and under coordinated control. Also, Norkin (12) are found for am23 (H), och6 (C), and perhaps other mutations (1) , but these do not contradict our general conclusions.
Data establishing proportionality of the physical and genetic maps are summarized in Table 6 .
Genetic distances were taken from Tables 2 and 3 of this paper and from Benbow et al. (1) (ii) Intracistronic recombination frequencies (Table 6 , part II) are higher than the genome average of 4.4 X 10-wt recombinants/nucleotide as predicted by the phenomenon of map contraction described earlier (1) . Intercistronic map distances (Table 6 , part III) are roughly constant around the entire map.
(iii) Apparent exceptions to proportionality (Table 6 , part IV) represent individual marker effects (12) and not genuine exceptions to proportionality.
Therefore, these data establish the colinearity and approximate proportionality of the complete genetic and physical maps of bacteriophage OX174. It should be noted that proteins of less than 6,000 molecular weight will not be observed in our gel patterns. With this reservation, the results in this paper taken together with the genetic map of bacteriophage OX174 (1) suggest that the 10 proposed cistrons account for the entire (> 95 %) 0X174 genome.
